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1. OBJECTIVE AND SUMMARY

- The objective of years 4 and 5 of this project (1992 and 1993) is to determine
experimentally the behavior and operating characteristics of a controllable mechanical seal, and
to identify potential problem areas. A controllable mechanical seal is one in which the thickness
of the lubricating film separating the sealing surfaces is adjustable, and can be controlled by an
electronic control system, based on information supplied by sensors that monitor the condition
of the film.

This work builds upon work done during years 1 -3, in which a controllable mechanical
seal was designed, analyzed and fabricated. At the beginning of year 4, the mechanical seal and
test rig had been assembled, and preliminary testing had begun.

2. RESULTS OF GRANT TO DATE

The five major tasks of years 4 and 5 encompass instrumentation, configuration changes
of the mechanical seal to optimize its performance, systematic steady state tests, systematic
transient tests, and a final report. During this reporting period, significant progress has been
made on instrumenting the test rig and modifying the design to optimize the seal’s performance.
Initial steady state tests have also been performed.

Task 1. Instrumentation
A. Face Temperature

The conditions of the lubricating film are monitored in terms of the face temperature.
The latter is measured by thermocouples, which are located in the carbon faces on each side of
the seal. The thermocouples have been installed and initial steady state tests indicate that they
are working properly (see Steady State Tests).

B. Leakage Rate

The helium inlet to the seal has been instrumented with a rotameter. The rotameter was
field calibrated by collecting the helium in an inverted beaker for specified amounts of time.
The rotameter is capable of measuring leakage rates up to 3500 ml/min. It may be necessary
to install a flowmeter capable of measuring a larger range of leakage rates (see Steady State
Tests).

C. Pressure

The pressure of the helium entering the seal is measured with a pressure gage in line with
the helium flowline. The pressure gage has been installed and is working properly.



D. Voltage

The voltage applied to the piezoelectric element is currently measured with a volt meter
located on the front panel of the power supply. The volt meter on the power supply was found
to be in good agreement with a hand held voltmeter. Two additional power supplies are
currently being purchased, which can be interfaced with a data acquisition card to give a remote
readout of voltage.

E. Rotational Speed

The rotational speed is currently being measured with a small (1.5-3.0 volt) D.C. motor,
which is attached to the shaft of the test rig. The D.C. motor acts as a generator and puts out
a voltage proportional to the rotational speed of the test rig. The motor was calibrated with a
handheld optical tachometer.

F. Data Acquisition

A PC-based data acquisition card has been acquired. This will be used to continuously
monitor the face temperature, voltage applied to the piezoelectric element and rotational speed.

Task 2. Configuration Changes
A. Electrical Insulation

At the completion of year 3, static pressure tests were performed with the test rig, and
it was found that the seal leaked through the o-rings located between the deformable face
assembly (the carbon face and piezoelectric element) and holder (see Figure 1). This was caused
by the large tolerances produced by the epoxy coating on the outside radius of the piezoelectric
element. The epoxy coating was necessary to prevent electrical breakdown between the
piezoelectric element and the stainless steel holder.

The holders were remade from a nonconductive plastic, acetyl copolymer, which is
commonly referred to by its tradename delrin. This material was not intended for use in the
final design, but rather was an economical design change to demonstrate proof of principle, that
the leakage in the seal can be controlled by adjusting the voltage applied to the deformable face
assembly. This eliminated the need for the epoxy coating on the deformable face assembly and
provided a smooth sealing surface on the outside radius of the piezoelectric element. Plastic
bushings were also machined and placed on the deformable face assembly to prevent electrical
breakdown between the inside radius of the piezoelectric element and the steel shaft (see Figure

1).

When the new holders were in place the seal was again pressure tested and was found
not to leak. In addition the deformable face assemblies sustained voltage levels up to 3000 volts
with no electrical breakdown. Steady state tests were performed (see Steady State Tests), and



it was found that the leakage in the seal could be controlled by adjusting the voltage applied to
the deformable face assembly. However, a major disadvantage of the plastic holders was that
they have very low thermal conductivity, which causes the seal faces to retain heat.

To remedy this, the holders are being remade from combat boron nitride, which has the
properties of high dielectric strength and high thermal conductivity. This will allow the
deformable face assembly to sustain high voltages while providing better heat dissipation. The
new holders are currently being fabricacated.

B. Balance Ratio and Spring Force

The balance ratio for the initial design was 0.65, which was somewhat low. With this
balance ratio a relatively large spring force (provided with wave spring washers) was required
to produce the necessary closing force. A large spring force is not desirable because of the high
manufacturing tolerances for springs. These tolerances could lead to large changes in the closing
force, which would adversely affect the performance to the seal.

To address this, the balance ratio has been changed to 0.75 and the wave springs have
been replaced by six coil springs for each side of the seal. With the larger balance ratio, the
spring force is significantly reduced, which will accordingly reduce the variation in the closing
force produced by the manufacturing tolerances in the springs.

C. Piezoelectric Geometry and Deformation Mode

Bench tests were performed with the deformable face assembly to determine the amount
of coning produced by the voltage applied to the piezoelectric element. Figure 2 presents results
from one of these tests. The range of coning produced was from -2.5 to +3 microns for a
voltage range of -2500 to +2000 volts. This range of coning should be sufficient to provide the
required range of film thickness for the controllable seal.

Task 3. Systeinatic Steady State Tests

Systematic steady state tests were initiated to determine the leakage in the seal as a
function of the voltage applied to the deformable face assembly. Static tests were performed
while the seal was not rotating and dynamic tests were performed while it was rotating at
approximately 20,000 rpm.

Figure 3 presents leakage versus voltage for the static test. This figure indicates that the
leakage can be controlled by adjusting the voltage applied to the deformable face assembly. The
range of leakage obtained in this test was from 0 ml/min to leakages greater than 3500 ml/min.
The maximum leakage that can be measured by the rotameter is 3500 ml/min.

Figure 4 presents film thickness versus voltage in which the film thicknesses correspond
to the leakage rates in Figure 3. To compute the film thickness it was assumed that each side



of the seal had the same film thickness and that the nondimensional coning was 0.25. This
figure indicates that film thicknesses can be obtained from O um to greater than 3.0 um.

Figure 5 presents leakage versus voltage for the dynamic test. The rotational speed was
approximately 20,000 rpm. This figure indicates that the leakage in the seal can be controlled
by adjusting the voltage applied to the deformable face assembly while the seal is rotating.
Figure 6 presents film thickness versus voltage for the rotating test. This figure shows that the
lubricating film can be adjusted to values larger than 3 um (however the rotameter goes off scale
for film thicknesses greater than 3 um). The lower limit for the film thickness was
approximately 2.2 um. The seal was not adjusted to run at lower film thicknesses because of
the high temperatures, which were produced due to the low thermal conductivity of the plastic
holder.

Figure 7 presents the temperature of the seal versus time. Also presented on the right-
hand axis is the film thickness. The face temperature continually increased during the test with
no major reduction in temperature as the film thickness was increased. This is presumed to be
due to the poor thermal conductivity of the plastic holder. To address this the holders are being
remade from a thermally conductive ceramic (see Configuration Changes).

3. PRESENTATIONS/PUBLICATIONS
During this reporting period the following presentations/publications were generated:

Wolf,P. and Salant, R.F., "Design and Analysis of a Controllable Mechanical Seal for
Aerospace Applications,” Fourth International Symposium on Transport Phenomena and
Dynamics of Rotating Machinery, Honolulu, Hawaii, 1992.

Salant, R.F., "Maintaining Full Film Lubrication in Mechanical Seals by Means of
Electronic Control," Tribologia, Finnish Journal of Tribology, vol. 11, no. 2, pp. 122-129,
1992, and Fifth Nordic Symposium on Tribology, Helsinki, Finland, 1992.

Copies of these papers are attached to this report.
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DESIGN AND ANALYSIS OF A CONTROLLABLE MECHANICAL SEAL FOR
AEROSPACE APPLICATIONS

Panl Wolff and Richard F. Salant
School of Mechanical Engineering
Geoargia Institute of Technology
Atlanta, Ga. 30332

ABSTRACT

A controllable mechanical seal for aerospace applications has been designed and analyzed. Active
control of the film thickness is achieved by controlling the seal face coning with a piezoelectric
aauamr.Ananﬂyﬁalmoddlusbemusedmwﬂumtheeﬁwsofﬁ:dodngfome,ﬂmmﬂ
boundary conditions, pressure variations, piezoelectric material properties, and premachined
coning, on the performance of the seal. The results generated by this model indicate that an
actively controlled mechanical seal for asrospace applications is feasible.

INTRODUCTION

Although mechanical seals have very low leakage rates, their use in the aerospace industry is
limited, due to their reduced reliability as compared to fixed clearance seals. The reduced
rdhbﬂiryiswmedbyrcpnmdmddmsofﬁcewnm,mﬂﬁnzﬁomabmkdownofme
lubricating film that separates the seal faces.

To increase reliability, the actively controlled mechanical seal has been developed (Salant, et.
al., 1989). Cootrol of the film thickness is achieved by incorporating a piezoelectric actuator in
one of the seal components. The actuafor alters the geometry of the seal interface (coning),
in turn, determines the opening force acting on the ficeting face, which controls the film
monitored by a thermocouple that is embedded in one of the seal faces. An optimal film
thickness is continually maintained with such a controllable mechanical seal, through suitable
adjustment of the voltage applied to the actuator.

Such actively controlled seals have been previously developed for industrial use. However,

extending this design to aerospace applications presents a challenge due to the stringent
aerospace design constraints. In particular, an acrospace seal must be much smaller than an

2be PRECEDING PAGE BLANK NOY FILMED
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Figure 1. Helinm Purge Assembly

maintaining & minimal film thickness, If, at any time, the onset of face contact is detected, the
voltage is immediately increased to prevent such contact. At a later time, the voltage is again
decreased to reduce leakage.

DESIGN CONSTRAINTS

In 3 LOX turbopump, contact between the LOX and hot turbine gases is prevented with a series
of seals which includes the helium purge assembly, Figure 1. Pressurized helium is introduced
near the midpaint of the turbopump. The high pressure helium prevents contact between the
lower pressure LOX and hot gases. Currently, floating ring seals, having relatively high leakage
rates, are utilized in the helium purge assembly, as shown in Figure 1. The object of this project
is to replace those seals with controllable mechanical seals to reduce heliom leakage and
The size and operating conditions of a LOX turbopump impose severe constraints on the design
of a mechanical seal. The dimensions of the seal envelope are 3.81 cm in the axial direction and
1.27 cm from the outside radius of the shaft to the outside radius of the envelope. These -
dimensions are considerably smaller than those of previous actively controlled seals. The high
and low pressure sides of the seal are at 1.38 x 10° Pa and 1.10 x 10° Pa, respectively.
Temperatures that affect the seal design include the temperature of the hot gas and helium drain
(469 K), the temperature of the LOX and helium drain (123 K) and the temperature of the
helium on the high pressure side (294 K). The thermal deformations produced by these
temperature gradients have a significant effect on the coning deformations of the seal faces and
influence the performance of the seal. The shaft of the tarbopump rotates at a speed of 7,330
rad/sec.

SEAL CONFIGURATION

A double mechanical seal configuration has been chosen 1 replace the double floating ring seals,
as shown in Figure 2. It is comprised of one rotor and two nonrotating floating components.
Each floating component consists of a deformable face assembly, a holder, a wave spring washer
and two o-rings. The final design has been developed through an iterative process of design,
analysis (see next section), and redesign.
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MATHEMATICAL MODEL

mm&wmw»mmmumBMmmwuﬂw
bypreviomm(&hmm!:y, 1984) and cousists of four major elements: a force
mwmmmmmmmmmwmnwmm
pmdmmpdmymmofewm&mmmudhmemﬁrﬂnm‘e
ﬁwwnummmwmwymmwu
seal.

The first step in computing the film thickness is o perform a force balance on the fioating
w@,-rg.wdummnw(um 1).
m,ummmm,ummmume

be computed from the governing fluid mechanics equations.

mwmmnmwum-smsqm.ummmm
can be obtained from these equations when the following simplifying assumptions are made
(Hughes et. al., 1989; Wolff, l”l):mdym,mdsymmeuicﬂnidﬁlm,mmalﬂﬁdﬁ]m.
idalgubdnvim,hminnﬂow,mcmﬂfualeﬂ’e&,mvdodtygndiminﬂ:mdiﬂ
direction, and no squeeze film effects. Using these assumptions, a nondimensional equation for
the pressure distribution is obtained,

Pt -in(1+3"a°*~D)+(1-8"6 (- 1 1)

a1

-3y 1 ) -In(1 +8°a"(r, -1
3 Gerareepp Vi, (187 7D @
*(l-aocv)( 1 _1)¢(1-6 c')zl 1 _1)]

L ] v -
1+8°a*(r,-1) 2 [1+8%aC,-DP

Oncemegeomcuy(a',r.‘)ofﬂxemlisspedﬁed,tbeprmnedisﬂibuﬁmdepmdsmlyon&',
the nondimensional coning. As §° increases, the pressure distribution becomes mare convex,
whichmﬂtsinahrzeropeuingfo:u.Foragimclosingfmne,ﬂ:aeiumiquevulneof&'
(3/h) that produces an equal opening farce. Once this value is found, it is necessary to compute
the dimensional coning &, to find the steady state film thickness h,.

To compute 3, one must determine the deformations of the seal components due to pressure
hﬁng,thamﬂm,mdvdnge:ppﬁdm&epimdwﬁcm.mnmnﬁu
the finite element code ANSYS. As imput to the finite element program, the viscous heat
generation rate in the fluid film is expressed as,

poiy? @

where a linear radial profile is assumed for h. Once the viscous heat generation mte is
m@,nnwm@mmuﬂmwmwm.

thﬁﬁ“mﬁ.bm&.wmd@_ﬂ



dmmmdwwmwmpudb&ddmlfﬁe
mmwmmmumhscmmvd;ifmumu
dehmmww:muppﬁdﬁuww
ron: 6000, 3000, 1wo,soo,m1wmmmmmmmmum; .
mwm,WWduwmmWMn.
within the fiuid film. .
mummnmummmumwmmﬁuum

pﬁmnﬁemlm,mﬂ:euﬁch\euofﬂnmm.nmmgaﬁnwndiﬂpmﬁhfwh,
nmryﬁdmfahhhgemisobnimd,

h
Bel-2(P 2-P R, Br Y120 KT )
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Two additional parameters of concern are the stiffness and controllability of the seal. The
stiffness is important to the stability of the seal, and is defined by,

2
k= aﬂ,”ﬁa (6)
di, d3° &

The stiffness must be positive for stable seal operation, and also must be large enough to prevent *
hrgeﬂucmaﬁon&inthcﬁlmthicknssduetosmaﬂebanguinthedodngforce. For fixed
values of dF ,./d5" and 3, the seal stiffness increases as & increases.

mwnmnahﬂityofthemlkamasmofmemsiﬁvhyofmeﬁlmmich&mchmm
voltage, and is defined as,

dv ddadv & av :

A large controllability is desirable, to minimize required voltage levels. Equation (7) indicates
that the controllability of the seal varies directly with d3/dv, and inversely with &'
As described above, §" strongly affects both the stiffness and controllability of the seal.

However, & is determined by the closing force. Therefore, the latter plays a major role in
determining the stability and controllability of the seal.

RESULTS
Mmbﬂhymdcamonabiﬁtyof&nlmdependmms‘,whbhhmiqudydmuﬁmd

b&?mmmaismmmmuopﬁmmdmm
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Pressure Operation of Piezoelectric Materials
CONCLUSIONS

lhemﬂnpmmdinthismnyindiamdn}macﬁvdymmnedaalfmﬂnheﬁnmme
assembly of a LOX turbopump is feasible. Reasonable film thicknesses, on the order of a few
microas, can be obtained with the proposed design. The range over which the film thickness can
be varied, by applying voltage to the piezoelectric actuator, is as large as twelve microns.

The next phase of this study, involving fabrication and laboratory tests, is now underway.
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NOMENCLATURE

A, are: of seal face

d; mﬂdeformanonofmlﬁmumndendms

4, axial deformation of seal faces at outside radius

) - closing force

) S, spring farce

b film thickness at inside radius

h, film thickness at outside radius

k seal stiffness

m mass flow rate

N, balance ratio

P pressure

P, pressure at inside radins of seal . ORGWNAL Page 13
P, pressure at outside radius of seal GF POCR QuAT TY
| 2 nondimensional pressure (P>-P2)/(P.2-P?)

r radial coordinate

L inside radius
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MAINTAINING FULL FILM LUBRICATION IN
MECHANICAL SEALS BY MEANS OF ELECTRONIC
CONTROL

INTRODUCTION

Most modern mechanical seals are designed to operate with full film lubrication
between the mating faces, under steady state conditions at the design point. The
presence of a thin lubricating film, with a thickness on the order of a few microns,
minimizes wear and the occurrence of mechanical and thermal damage to the faces.
However, under transient and off-design conditions the lubricating film frequently
breaks down, resulting in mechanical contact between the faces. To prevent such face
contact, a new class of "controllable” mechanical seals is under study and development
by several researchers [1-4].

PRINCIPAL OF OPERATION

A typical conventional mechanical seal is shown schematically in figure 1. The rotating
face is floating, and is free to move in the axial direction (within limits), while the
nonrotating face is fixed axially. The thickness of the lubricating film that separates the
faces is determined by the axial location of the floating face, which is governed by the

122
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ﬁlm&khw.whidnanbedju&daplkiﬂy.ﬁwﬂiﬁmmmmummh
mﬂﬁckummin,itismdjumdwinopﬁmumthichwwhﬂed\eulisin
m.mmmmichwcmﬂdbewnmﬂedbyewmmngdd\amecbdngfmu
u&emﬁum.mmmmmlﬂ\efmuﬂl,memt
authors have found it is much more effective to control the latter. Since the opening
fuoemdtheﬁlmﬂﬂch\ssmmmglydepmdmtoneotﬂng,cmuoliudlievadby
controlling the coning. This is accomplished by incorporating within the seal a
piezoelectric actuator to deform mechanically one of the faces and generate coning.

INDUSTRIAL AND AEROSPACE SEALS

Based on the concept described above, several controliable seals for industrial
applications (e.g., feedwater pumps) have been built and successfully tested. One such
seal is schematically illustrated in figure 2, which shows a nominal 50 mm water seal
with faces constructed of stellite (rotating face) and carbon graphite (nonrotating face).
The configuration is similar to that of a conventional seal, except the nonrotating face
holder has been modified to allow a piezoelectric actuator to be placed behind the
backside of the face. When a positive voltage is applied to the actuator, the
piezoelectric elements within the actuator expand, and exert a force on the backside of '
the face. Since the outer diameter of the face is constrained from axial movement by
the holder, this force produces face deformation contributing to positive coning. The
larger the applied voltage, the larger the coning and the thicker the fluid film. Thus,
by adjusting the voltage, one can adjust the film thickness.

To determine the voltage to be applied to the actuator for optimum operation at any
given instant of time, information on the conditions in the fluid film and the sealed
cavity is requimd.mmitiaummﬁwred by a thermocouple imbedded in the
nmmnﬁngnlﬁce.mdamxddmnoooupleindwuledavity.mwmuof
mu\emooouplummnsnﬁnedtomdewmicmpdveconmlsym,m
dwympmwswduﬂuwdwgam:mmndedmmédnge,umedﬁedby
an adaptive control strategy. Such a strategy searches for and maintaing an optimum
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FIGURE 4. Transient performance, controllable industrial seal [1].

126

PRECEDEE\;G ?I"’!‘?;: E’"’é‘i?;{ l"\‘;n\-" ot ]

Ly FHOMID



From Contro! System

Hous | NG
Seai Cavity

Electrode Secondary Seaz!
wave Spring
washer
Ho | ger Hot Gas Side
LOX Sice Shaft

—- Tnermocouplte
Rotor
Secondsry Seal

Paezoelectrncl
Elenent

Electrode
Carbon Fac

NS

FIGURE §. Controllable mechanical seal, acrospace application.

20.0
o P=138MFg
18.0 o P=123MF2
a P=2Z8MFS
e P=[ 45 MFg

o
o

Film Thickness(um)
o
o«

C
0 100C 2000 3CCC 40CC 5000 6000
Voiis

FIGURE 6. Predicted performance, controllable acrospace seal.
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